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voltage change of the power storage device is less than or
equal to a first threshold value in addition to the condition that
the internal combustion engine is being operated.
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1
VEHICLE AND VEHICLE CONTROL
METHOD

CROSS REFERENCE TO RELATED
APPLICATIONS

This is a National Stage of International Application No.
PCT/IP2011/067840 filed Aug. 4, 2011, the contents of
which is incorporated herein by reference in its entirety.

TECHNICAL FIELD

The present invention relates to a vehicle and a vehicle
control method, and more particularly to a vehicle including
an internal combustion engine and a rotating electric machine
and a vehicle control method.

BACKGROUND ART

A hybrid vehicle using an engine and a motor in combina-
tion as drive sources has mounted thereon a large-capacity
power storage device. Such a power storage device is man-
aged such that overdischarge or overcharge does not occur.

Japanese Patent Laying-Open No. 2002-017001 (PTD 1)
discloses a technique for effectively utilizing a power storage
device of relatively small capacity. This document discloses a
hybrid electric vehicle in which a power storage device whose
charging/discharging is controlled by a control circuitis used,
wherein selection can be made among three running modes of
a fixed-speed running mode, an accelerated running mode
and a decelerated running mode, and a charging management
range between a charging upper limit and a charging lower
limit for the power storage device is changed in accordance
with each running mode.

CITATION LIST
Patent Document

PTD 1: Japanese Patent Laying-Open No. 2002-017001
PTD 2: Japanese Patent Laying-Open No. 2007-162657
PTD 3: Japanese Patent Laying-Open No. 2000-134719
PTD 4: Japanese Patent Laying-Open No. 2010-183785
PTD 5: Japanese Patent Laying-Open No. 2002-051405

SUMMARY OF INVENTION
Technical Problem

Parameters for managing a battery include a voltage across
terminals of the battery (hereinafter also referred to as a
battery voltage) besides the state of charge (also referred to as
SOC, an amount of power storage, and a remaining capacity).
When the voltage across terminals of the battery falls below a
predetermined value, an adverse effect is exerted on the bat-
tery life.

Therefore, the voltage across terminals of the battery is
also an important parameter for battery management. This
voltage across terminals of the battery may be changed
abruptly depending on the battery performance, vehicle run-
ning conditions and the like. Even in such a case, it is neces-
sary to take some measure such that the voltage across termi-
nals of the battery does not fall below a predetermined value,
however, the above-mentioned Japanese Patent Laying-Open
No. 2002-017001 makes no mention of such consideration.

In terms of battery protection, it is conceivable to set a
management lower limit having a margin sufficiently allow-
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ing for the predetermined value under which an adverse effect
is exerted on the battery life. With an excessively wide mar-
gin, however, the battery capacity cannot be fully utilized.
The present invention has an object to provide a vehicle and
avehicle control method that simultaneously achieve protec-
tion of a power storage device and effective use of capacity.

Solution to Problem

In summary, according to the present invention, a vehicle
includes an internal combustion engine, a first rotating elec-
tric machine starting the internal combustion engine, a power
control unit for operating the first rotating electric machine, a
power storage device for supplying electric power to the
power control unit, and a control device controlling the power
control unit such that a voltage of the power storage device
does not fall below a lower limit. When a change condition
including a condition that the internal combustion engine is
being operated is met, the control device sets the lower limit
at a value lower than while the internal combustion engine is
at a stop.

Preferably, the change condition further includes a condi-
tion that a magnitude of voltage change of the power storage
deviceis less than or equal to a first threshold value in addition
to the condition that the internal combustion engine is being
operated.

More preferably, the change condition further includes a
condition that the voltage of the power storage device is
higher than a second threshold value in addition to the con-
ditions that the internal combustion engine is being operated
and the magnitude of voltage change of the power storage
device is less than or equal to the first threshold value.

Preferably, the vehicle further includes a second rotating
electric machine operated by the power control unit and gen-
erating promotion torque of the vehicle.

More preferably, when the internal combustion engine is
being operated, the first rotating electric machine receives
motive power from the internal combustion engine to gener-
ate electric power according to necessity.

Further preferably, the vehicle further includes a power
split device connected to each of rotation shafts of the first
rotating electric machine, the second rotating electric
machine and the internal combustion engine.

Preferably, the first rotating electric machine generates
promotion torque of the vehicle, and according to necessity,
generates torque for starting the internal combustion engine.

More preferably, the vehicle further includes a clutch pro-
vided between a rotation shaft of the internal combustion
engine and a rotation shaft of the first rotating electric
machine, and a speed change mechanism provided between
the first rotating electric machine and a drive shaft.

According to another aspect of the present invention, a
method for controlling a vehicle including an internal com-
bustion engine, a first rotating electric machine starting the
internal combustion engine, a power control unit for operat-
ing the first rotating electric machine, and a power storage
device for supplying electric power to the power control unit
includes the steps of setting a lower limit at an initial value,
when a change condition including a condition that the inter-
nal combustion engine is being operated is met, setting the
lower limit at a value lower than while the internal combus-
tion engine is at a stop, and controlling the power control unit
such that a voltage of the power storage device does not fall
below the lower limit.
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Advantageous Effects of Invention

According to the present invention, a vehicle and a vehicle
control method that simultaneously achieve protection of a
power storage device and effective use of capacity are
achieved.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is an overall block diagram of a vehicle 1 according
to an embodiment.

FIG. 2 is a block diagram showing a structure of a power
supply device including PCU 60 of FIG. 1 and its neighbor-
hood.

FIG. 3 is a block diagram showing a control structure in a
control device 200 of FIG. 2.

FIG. 4 is a flowchart for illustrating control executed by a
battery management lower-limit voltage setting unit 252 of
FIG. 3.

FIG. 5 is adiagram for illustrating relation between a lower
limit voltage VBL and a lower-limit voltage margin Vmg.

FIG. 6 is a diagram showing an exemplary lower-limit
voltage margin setting map used in step S5 of FIG. 4.

FIG. 7 is a diagram showing an exemplary lower-limit
voltage margin setting map used in step S5 of FIG. 4 by a
different representation from FIG. 6.

FIG. 8 is a flowchart for illustrating control executed by a
discharge allowable power operation unit 254 of FIG. 3.

FIG. 9 is a diagram showing exemplary changes in battery
voltage and battery power when control is performed by a
control method of a present embodiment.

FIG. 10 is a diagram showing an exemplary structure of a
variation of a vehicle.

DESCRIPTION OF EMBODIMENTS

An embodiment of the present invention will be described
hereinafter with reference to the drawings. In the description
below, the same or corresponding elements have the same
reference characters allotted. Detailed description thereof
will not be repeated.

Embodiment

FIG.1is an overall block diagram of vehicle 1 according to
an embodiment. Referring to FIG. 1, vehicle 1 includes an
engine 10, a drive shaft 16, a motor generator MG1, a motor
generator M(G2, a power split device 40, a reduction gear 58,
a PCU (Power Control Unit) 60, a battery 70, a drive wheel
80, a start switch 150, a braking device 151, and an ECU
(Electronic Control Unit) 200.

This vehicle 1 runs with driving force output from at least
one of engine 10 and motor generator MG2. Motive power
generated by engine 10 is split into two paths by power split
device 40. One path of the two paths is a path for transmission
to drive wheel 80 through reduction gear 58, and the other
path is a path for transmission to motor generator MG1.

Motor generators MG1 and MG2 are each implemented,
for example, by a three-phase AC rotating electric machine.
Motor generators MG1 and MG2 are driven by PCU 60.

Motor generator MG1 has a function as a generator for
generating electric power with motive power of engine 10
split by power split device 40 and for charging battery 70 with
electric power through PCU 60. In addition, motor generator
MG1 rotates a crankshaft which is an output shaft of engine
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10, upon receiving electric power from battery 70. Thus,
motor generator MG1 has a function as a starter for starting
engine 10.

Motor generator MGG2 has a function as a drive motor for
providing driving force to drive wheel 80 by using at least any
one of electric power stored in battery 70 and electric power
generated by motor generator MG1. In addition, motor gen-
erator MG2 has a function as a generator for charging battery
70 through PCU 60 with electric power generated through
regenerative braking.

Engine 10 is, for example, such an internal combustion
engine as a gasoline engine or a diesel engine. Engine 10
includes a plurality of cylinders 102 and a fuel injector 104 for
supplying fuel to each of the plurality of cylinders 102. Fuel
injector 104 injects an appropriate amount of fuel at appro-
priate timing to each cylinder or stops injection of fuel to each
cylinder based on a control signal S1 from ECU 200.

Engine 10 is further provided with an engine rotation speed
sensor 11 for detecting a rotation speed Ne of a crankshaft of
engine 10 (hereinafter denoted as an engine rotation speed).
Engine rotation speed sensor 11 transmits a signal indicating
detected engine rotation speed Ne to ECU 200.

Power split device 40 mechanically couples three elements
of drive shaft 16 for rotating drive wheel 80, the output shaft
of'engine 10, and a rotation shaft of motor generator MG1 to
one another. Power split device 40 allows, by setting any one
of the three elements described above as a reaction force
element, transmission of motive power between two other
elements. The rotation shaft of motor generator MG2 is
coupled to a drive shaft 16.

Power split device 40 is a planetary gear mechanism
including a sun gear 50, a pinion gear 52, a carrier 54, and a
ring gear 56. Pinion gear 52 engages with each of sun gear 50
and ring gear 56. Carrier 54 rotatably supports pinion gear 52
and it is coupled to the crankshaft of engine 10. Sun gear 50
is coupled to the rotation shaft of motor generator MG1. Ring
gear 56 is coupled to the rotation shaft of motor generator
MG?2 and reduction gear 58 with drive shaft 16 being inter-
posed.

Reduction gear 58 transmits motive power from power
split device 40 or motor generator MG2 to drive wheel 80. In
addition, reduction gear 58 transmits reaction force from a
road surface received by drive wheel 80 to power split device
40 or motor generator MG2.

Battery 70 is a power storage device and it is a rechargeable
DC power supply. For example, such a secondary battery as a
nickel metal hydride battery or a lithium ion battery is
employed as battery 70. A voltage of battery 70 is, for
example, approximately 200 V. As described above, battery
70 is charged with electric power generated by motor genera-
tor MG1 and/or motor generator MG2 and it may be charged
with electric power supplied from an external power supply
(not shown). It is noted that battery 70 is not limited to a
secondary battery and it may be a component capable of
generating a DC voltage, such as a capacitor.

Battery 70 is provided with a battery temperature sensor
156 for detecting a battery temperature TB of battery 70, a
current sensor 158 for detecting a current IB of battery 70, and
avoltage sensor 160 for detecting a voltage VB of battery 70.

Battery temperature sensor 156 transmits a signal indicat-
ing battery temperature TB to ECU 200. Current sensor 158
transmits a signal indicating current IB to ECU 200. Voltage
sensor 160 transmits a signal indicating voltage VB to ECU
200.

Start switch 150 is, for example, a push-type switch. Start
switch 150 may be such a switch that akey is inserted in a key
cylinder and turned to a prescribed position. Start switch 150
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is connected to ECU 200. In response to a driver’s operation
of start switch 150, start switch 150 transmits a signal ST to
ECU 200.

For example, when ECU 200 receives signal ST while a
system of vehicle 1 is in a stop state, ECU 200 determines that
it has received an activation instruction and causes the system
of'vehicle 1 to make transition from the stop state to an active
state. Alternatively, when ECU 200 receives signal ST while
the system of vehicle 1 is in the active state, ECU 200 deter-
mines that it has received a stop instruction and causes the
system of vehicle 1 to make transition from the active state to
the stop state. In the description below, a driver’s operation of
start switch 150 while the system of vehicle 1 is in the active
state is referred to as an 1G OFF operation, and a driver’s
operation of start switch 150 while the system of vehicle 1 is
in the stop state is referred to as an IG ON operation. When the
system of vehicle 1 makes transition to the active state, elec-
tric power is supplied to a plurality of pieces of equipment
necessary for vehicle 1 to run or the like and an operable state
is brought about. On the other hand, when the system of
vehicle 1 makes transition to the stop state, supply of electric
power to some of the plurality of pieces of equipment neces-
sary for vehicle 1 to run is stopped or the like and an operation
stop state is brought about.

A resolver 12 is a rotation speed sensor provided in motor
generator MG1. Resolver 12 detects a rotation speed Nm1 of
motor generator MG1. Resolver 12 transmits a signal indi-
cating detected rotation speed Nm1 to ECU 200.

A resolver 13 is a rotation speed sensor provided in motor
generator MG2. Resolver 13 detects a rotation speed Nm2 of
motor generator MG2. Resolver 13 transmits a signal indi-
cating detected rotation speed Nm2 to ECU 200.

A wheel speed sensor 14 detects a rotation speed Nw of
drive wheel 80. Wheel speed sensor 14 transmits a signal
indicating detected rotation speed Nw to ECU 200. ECU 200
calculates a velocity V of vehicle 1 based on received rotation
speed Nw. It is noted that ECU 200 may calculate velocity V
of'vehicle 1 based on rotation speed Nm2 of motor generator
MG?2 instead of rotation speed Nw.

A brake pedal 166 is provided in a driver’s seat. Brake
pedal 166 is provided with a brake pedal pressing force sensor
168. Brake pedal pressing force sensor 168 detects a driver’s
pressing force Pb of brake pedal 166. Brake pedal pressing
force sensor 168 transmits a signal indicating detected press-
ing force Pb to ECU 200. Brake pedal pressing force sensor
168 may detect, for example, a hydraulic pressure in a master
cylinder coupled to brake pedal 166 as pressing force Pb.
Alternatively, a stroke sensor for detecting an amount of
pressing-down of brake pedal 166 may be employed instead
of brake pedal pressing force sensor 168.

An accelerator pedal 170 is provided in the driver’s seat.
Accelerator pedal 170 is provided with a pedal stroke sensor
172. Pedal stroke sensor 172 detects an amount of stroke AP
of accelerator pedal 170. Pedal stroke sensor 172 transmits a
signal indicating amount of stroke AP to ECU 200. An accel-
erator press-down degree (%) is calculated based on amount
of stroke AP of accelerator pedal 170. It is noted that an
accelerator pedal pressing force sensor for detecting a driv-
er’s pressing force of accelerator pedal 170 may be employed
instead of pedal stroke sensor 172.

Braking device 151 includes a brake actuator 152 and a
disk brake 154. Disk brake 154 includes a brake disk that
rotates integrally with a wheel and a brake caliper for restrict-
ing rotation of the brake disk by using a hydraulic pressure.
The brake caliper includes brake pads provided to sandwich
the brake disk ina direction in parallel to the rotation shaft and
a wheel cylinder for transmitting a hydraulic pressure to the
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brake pad. Brake actuator 152 regulates a hydraulic pressure
supplied to the wheel cylinder by regulating a hydraulic pres-
sure generated by the driver’s pressing-down of the brake
pedal and a hydraulic pressure generated by using a pump, an
electromagnetic valve, and the like, based on a control signal
S3 received from ECU 200. Though FIG. 1 shows disk brake
154 only for a right rear wheel, disk brake 154 is provided for
each wheel. Alternatively, a drum brake may be employed
instead of disk brake 154.

ECU 200 generates control signal S1 for controlling engine
10 and outputs generated control signal S1 to engine 10. In
addition, ECU 200 generates control signal S2 for controlling
PCU 60 and outputs generated control signal S2 to PCU 60.
Furthermore, ECU 200 generates control signal S3 for con-
trolling brake actuator 152 and outputs generated control
signal S3 to brake actuator 152.

By controlling engine 10, PCU 60, and the like, ECU 200
controls the entire hybrid system, that is, a state of charge and
discharge of battery 70, and an operation state of engine 10,
motor generator MG1, and motor generator MG2, such that
vehicle 1 can most efficiently operate.

ECU 200 calculates requested driving force corresponding
to an amount of pressing-down of the accelerator pedal (not
shown) provided in the driver’s seat. ECU 200 controls torque
of motor generator MG1, and motor generator MG2 and
output of engine 10 in accordance with the calculated
requested driving force.

In vehicle 1 having the construction as described above,
when efficiency of engine 10 is bad at the time of start, during
running at a low speed, or the like, running only with motor
generator MG2 is carried out.

Alternatively, during normal running, for example, power
split device 40 splits motive power of engine 10 into two paths
for motive power. Drive wheel 80 is directly driven by one
motive power. Electric power is generated by driving motor
generator MG1 with the other motive power. Here, ECU 200
causes motor generator MG2 to drive with the use of gener-
ated electric power. By thus driving motor generator MG2,
drive of drive wheel 80 is assisted.

During deceleration of vehicle 1, motor generator MG2
following rotation of drive wheel 80 functions as a generator
so that regenerative braking is carried out. Electric power
recovered in regenerative braking is stored in battery 70. It is
noted that ECU 200 increases an amount of electric power
generated by motor generator MG1 by increasing output of
engine 10 in the case where a state of charge of the power
storage device (in the description below, denoted as SOC
(State of Charge)) has lowered and charging is particularly
required. SOC of battery 70 is thus raised. In addition, ECU
200 may carry out control for increasing driving force from
engine 10 as necessary, even during running at a low speed.
For example, a case where charging of battery 70 is required
as described above, a case where auxiliary machinery such as
an air-conditioner is driven, a case where a temperature of a
coolant for engine 10 is raised to a prescribed temperature,
and the like are exemplified.

In controlling an amount of charging of battery 70 and an
amount of discharge therefrom, ECU 200 sets input electric
power allowed during charging of battery 70 (in the descrip-
tion below, denoted as “charge power upper limit Win”) and
output electric power allowed during discharging from bat-
tery 70 (in the description below, denoted as “discharge
power upper limit Wout”) based on battery temperature TB
and current SOC. For example, as the current SOC lowers,
discharge power upper limit Wout is set to gradually lower.
On the other hand, as the current SOC is higher, charge power
upper limit Win is set to gradually lower.
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A secondary battery employed as battery 70 has such tem-
perature dependence that internal resistance increases when
the temperature is low. When the temperature is high, exces-
sive increase in temperature due to further heat generation
should be prevented. Therefore, when battery temperature TB
is low and high, each of discharge power upper limit Wout and
charge power upper limit Win is preferably lowered. ECU
200 sets charge power upper limit Win and discharge power
upper limit Wout, for example, by using a map or the like, in
accordance with battery temperature TB and current SOC.

FIG. 2 is a block diagram showing a structure of a power
supply device including PCU 60 of FIG. 1 and its neighbor-
hood.

The power supply device of a vehicle shown in FIG. 2
includes battery 70 in which a plurality of battery cells are
connected in series, voltage sensor 160 detecting battery volt-
age VB from battery 70, PCU 60 controlling drive of motor
generators MG1 and MG2, and a portion of ECU 200 that
controls PCU 60 (hereinafter referred to as a “control device
2007). The power supply device of a vehicle further includes
a DC-DC converter 146, an auxiliary battery 147, and an
auxiliary load 148 including an air-conditioner, lighting and
the like. DC-DC converter 146 steps down the voltage of
battery 70 to generate an auxiliary machinery voltage Vdcout,
and supplies auxiliary machinery voltage Vdcout to auxiliary
battery 147 and auxiliary load 148.

PCU 60 includes a converter 110, a smoothing capacitor
120, motor drive devices 131, 132 corresponding to motor
generators MG1, MG2, respectively, and converter/inverter
control unit 140. In this embodiment, since drive of motor
generators MG1, MG2 which are AC motors is controlled,
motor drive devices 131, 132 are implemented by inverters.
Hereinafter, motor drive devices 131, 132 will be called
inverters 131, 132.

Control device 200 determines request torque of motor
generators MG1, MG2 in consideration of output distribution
relative to engine 10 based on various sensor outputs 17.
Furthermore, control device 200 calculates an optimum
motor operating voltage in accordance with the operating
states of motor generators MG1, MG2.

Control device 200 further generates a voltage command
value Vmr of a motor operating voltage Vm and a torque
command value Tref in motor generators MG1, MG2 based
on the request torque and the optimum motor operating volt-
age as well as battery voltage VB received from voltage
sensor 160. Voltage command value Vmr and torque com-
mand value Tref are supplied to converter/inverter control
unit 140.

Converter/inverter control unit 140 generates a converter
control signal Scnv for controlling the operation of converter
110 in accordance with voltage command value Vmr received
from control device 200. Converter/inverter control unit 140
also generates inverter control signals Spwm1, Spwm?2 for
controlling the operation of each of inverters 131, 132 in
accordance with torque command value Tref received from
control device 200.

FIG. 3 is a block diagram showing a control structure in
control device 200 of FIG. 2. Although the control block
shown in FIG. 3 is representatively achieved by control
device 200 executing a program previously stored, part or all
of the structure may be embodied as dedicated hardware.

Referring to FIG. 3, control device 200 includes an HV
control unit 250, battery management lower-limit voltage
setting unit 252, and discharge allowable power operation
unit 254.
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HYV control unit 250 sets a running mode DM of vehicle 1
which is a hybrid vehicle, and outputs set running mode DM
to battery management lower-limit voltage setting unit 252.

Specifically, HV control unit 250 switches between a mode
of running only with the output of motor generator MG2
(hereinafter also referred to as an “EV running mode”) and a
mode of running with the outputs of engine 10 and motor
generator MG2 (hereinafter also referred to as an “HV run-
ning mode”) in accordance with the accelerator press-down
degree or wheel speed included in various sensor outputs 17.

For example, when the load is light at the time of start,
during running at a low speed, while running down a gentle
slope, and the like, the EV running mode of running only with
the output of motor generator MG2 without using the output
of'engine 10 in order to avoid a range where engine efficiency
is low is set. That is, in a range where the accelerator press-
down degree is small, vehicle 1 runs only with the output of
motor generator MG2. In this case, operation of engine 10 is
stopped except for the case where an engine start request
condition is met.

It is noted that the EV running mode may be set in accor-
dance with a driver’s operation of an EV running selection
switch (not shown).

On the other hand, during normal running where the accel-
erator press-down degree is larger than a predetermined value
a %, engine 10 is started, so that the HV running mode is set.
Accordingly, the output from engine 10 is split by power split
device 40 into driving force for drive wheel 80 and driving
force for power generation in motor generator MG1. Power
generated by motor generator MG2 is used for driving motor
generator MG2. Therefore, during normal running, drive
wheel 80 is driven by the output from engine 10 and the output
from motor generator MG2. At this time, control device 200
controls the motive power split ratio by power split device 40
of FIG. 1 such that the overall efficiency is maximized.

Furthermore, at the time of fast acceleration, electric power
supplied from battery 70 is further used for driving motor
generator MG2, and driving force for drive wheel 80 is further
increased.

At the time of regenerative braking, motor generator MG2
is rotationally driven by drive wheel 80 to generate electric
power. Electric power recovered by regenerative power gen-
eration of motor generator MG2 is converted into a DC volt-
age by PCU 60, and is used for charging of battery 70. Fur-
thermore, when the vehicle stops, engine 10 is stopped
automatically.

In this manner, in vehicle 1, operation of engine 10 and
motor generator MG2 is controlled in accordance with a
combination of the output from engine 10 and the output from
motor generator MG2 originating from electrical energy, that
is, the vehicle condition. Vehicle operation with improved
fuel efficiency is thereby accomplished.

At this time, in the range where the accelerator press-down
degree is small, start control of engine 10 is carried out when
the engine start request condition where starting of engine 10
is required is met. The engine start request condition includes
acase where a driving force request for fast acceleration or the
like is given by the driver. As an example, a case where the
accelerator press-down degree has exceeded the predeter-
mined value a %, is included. Furthermore, a case where a
request independent of the driving force request, such as that
when the battery output is lowered to require charging of
battery 70 or during warm-up of engine 10, is given may be
included.

When the engine start request condition is met, HV control
unit 250 drives, as engine start control, motor generator MG1
as an electric motor upon receipt of supply of electric power



US 9,145,131 B2

9

from battery 70, thereby cranking and starting engine 10.
Furthermore, HV control unit 250 generates an engine start
request signal at an H (logic high) level for output to battery
management lower-limit voltage setting unit 252.

Specifically, as will be described later with reference to
FIG. 4, battery management lower-limit voltage setting unit
252 usually sets management lower-limit voltage VB_lim at
a predetermined voltage (VBL+Vmg0). This predetermined
voltage (VBL+Vmg0) is a voltage obtained by adding an
initial value Vmg0 of a voltage margin to battery lower-limit
voltage VBL previously set based on the charging and dis-
charging characteristics of battery 70 and the like so as to
avoid the likelihood that SOC of battery 70 deviates from a
proper range to lead to overdischarge. When the drive force
request is changed abruptly, the delay in SOC calculation and
the like will be a problem. Therefore, aside from overdis-
charge management by means of SOC, management lower
limit voltage VB_lim of battery voltage VB is established.

When a predetermined condition is met, battery manage-
ment lower-limit voltage setting unit 252 sets management
lower-limit voltage VB_lim as relaxed relative to the prede-
termined voltage (VBL+Vmg0). Accordingly, a driver’s driv-
ing request can be fulfilled in increasing cases.

Upon receipt of management lower-limit voltage VB_lim
from battery management lower-limit voltage setting unit 252
and battery voltage VB from voltage sensor 160, discharge
allowable power operation unit 254 derives discharge power
upper limit Wout such that battery voltage VB does not fall
below management lower-limit voltage VB_lim.

Specifically, as will be described later with reference to
FIG. 8, discharge allowable power operation unit 254 com-
pares the magnitude correlation between battery voltage VB
received from voltage sensor 160 and management lower-
limit voltage VB_lim, and when battery voltage VB is higher
than management lower-limit voltage VB_lim, derives dis-
charge power upper limit Wout based on battery voltage VB.
At this time, discharge allowable power operation unit 254
derives discharge power upper limit Wout based on SOC
calculated from battery voltage VB using a well-known tech-
nique. It is noted that discharge power upper limit Wout at this
time is a limit value of discharge power at each time defined
by a chemical reaction limit of battery 70.

Actually, discharge allowable power operation unit 254
previously stores a discharge allowable power map in which
battery voltage VB is defined as a parameter, and derives
discharge power upper limit Wout at each time based on
battery voltage VB.

On the other hand, when battery voltage VB becomes less
than or equal to management lower-limit voltage VB_lim,
discharge allowable power operation unit 254 fixes discharge
power upper limit Wout at a predetermined minimum allow-
able power (lower limit power) set previously. In this manner,
power restrictions on battery 70 are imposed such that battery
voltage VB does not fall below management lower-limit volt-
age VB_lim.

HYV control unit 250 sets running mode DM of vehicle 1 in
accordance with various sensor outputs 17 as described
above, and determines request torque of motor generators
MG1, MG2 in consideration of output distribution relative to
the engine or the like based on various sensor outputs 17.
Furthermore, HV control unit 250 calculates the optimum
motor operating voltage in accordance with the determined
request torque and the motor speed.

Then, HV control unit 250 generates voltage command
value Vmr of motor operating voltage Vm and torque com-
mand value Tref in motor generators MG1, MG2 based on the
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request torque and the optimum motor operating voltage as
well as discharge power upper limit Wout.

Specifically, HV control unit 250 calculates motor con-
suming power equivalent to the request torque, and deter-
mines whether or not the calculated motor consuming power
exceeds discharge power upper limit Wout. At this time, when
the calculated motor consuming power is less than or equal to
discharge power upper limit Wout, the motor consuming
power will not exceed discharge power upper limit Wout even
when motor generators MG1, MG2 consume electric power
in accordance with the request torque. Thus, HV control unit
250 sets torque command value Tref to be equivalent to the
request torque. HV control unit 250 also sets voltage com-
mand value Vmr to be equivalent to the optimum motor
operating voltage.

On the other hand, in the case where the motor consuming
power exceeds discharge power upper limit Wout, the motor
consuming power will exceed discharge power upper limit
Wout when motor generators MG1, MG2 consume electric
power in accordance with the request torque. Therefore, in
this case, the motor consuming power is restricted so as not to
exceed discharge power upper limit Wout.

Specifically, the motor consuming power at the limit where
the motor consuming power=discharge power upper limit
Wout holds is calculated, and torque command value Tref is
calculated in correspondence to the calculated motor con-
suming power. That is, torque command value Tref is
restricted so as to be smaller than initial request torque Trq.
Similarly, voltage command value Vmr is restricted so as to
be smaller than the initial optimum motor operating voltage in
accordance with this restricted request torque Trq.

Torque command value Tref and voltage command value
Vmr thus generated are supplied to converter/inverter control
unit 140. Converter/inverter control unit 140 determines the
boosting ratio at converter 110 (FIG. 2) based on voltage
command value Vmr, and generates converter control signal
Scnv such that this boosting ratio is achieved.

Converter/inverter control unit 140 further generates
inverter control signals Spwm1, Spwm2 in accordance with
output values from various sensors such that a motor current
that will produce torque in accordance with torque command
value Tref flows in each phase of motor generators MG1,
MG?2. For example, inverter control signals Spwm1, Spwm?2
are PWM signal waves generated in accordance with a com-
mon control scheme. The output values from various sensors
include, for example, output values from a position sensor
and a speed sensor of motor generators MG1, MG2, an output
value from a current sensor for detecting an each-phase cur-
rent, and an output value from a voltage sensor for detecting
motor operating voltage Vm.

FIG. 4 is a flowchart for illustrating control executed by
battery management lower-limit voltage setting unit 252 of
FIG. 3. Referring to FIG. 4, first, in step S1, an initial value
(e.g., initial value Vmg0=10V) is set as lower-limit voltage
margin Vmg.

FIG. 5 is a diagram for illustrating relation between lower
limit voltage VBL and lower-limit voltage margin Vmg. In
FIG. 5, lower limit voltage VBL is a lower limit voltage to be
kept which is determined by the used temperature and the
battery performance. When battery voltage VB falls below
lower limit voltage VBL, an adverse effect is exerted on the
battery life. Thus, control is effected such that battery voltage
VB does not fall below lower limit voltage VBL.

Then, in terms of battery protection, constant margin volt-
age Vmyg is set for lower limit voltage VBL by control and the
voltage is fed back to restrict the battery output such that
battery voltage VB does not fall below lower limit voltage



US 9,145,131 B2

11

VBL in any running state or surrounding environment. There-
fore, when battery voltage VB falls below VBL+Vmg at time
t1, battery voltage VB is recovered by restriction on the bat-
tery output. This can avoid the situation where battery voltage
VB indicated by the broken line at time t2 falls below lower
limit voltage VBL.

However, initial value Vmg0 of voltage margin is set with
a margin in consideration of the case where voltage drop
occurs due to an abrupt power request (e.g., the case where,
when an acceleration request occurs and electric power is
consumed by MG2, further electric power is consumed by
cranking by MG1 at the time of engine start). Therefore, in the
situation where an abrupt power request does not occur, the
battery capacity cannot be used up since the battery power is
restricted leaving a considerable margin with respect to lower
limit voltage VBL to be kept. The case where a driver’s
acceleration request or the like cannot be fulfilled also arises
since the battery capacity cannot be used up.

Particularly, there are some cases where the output from
the engine is made as low as possible during warm-up of a
catalyst for countermeasures against exhaust emission con-
trol and the vehicle runs with torque of motor generator MG2
when possible such that a heavy load will not be imposed on
the engine until warm-up of the catalyst is completed since
the engine is started. If the battery output is restricted in such
a case, the case where the driver’s acceleration request or the
like cannot be fulfilled may occur.

Therefore, in the vehicle of the present embodiment, it is
determined in step S2 whether or not the engine is being
operated. If the engine is already operating, cranking by
motor generator M1 at the time of engine start does not take
place, and therefore, an abrupt power request will not occur.
In such a case, more responsive running exerting the battery
performance is possible without imposing unnecessary
restrictions on the battery output.

In step S2, when the engine is not being operated, cranking
by motor generator MG1 may occur in order to start the
engine. Thus, voltage margin Vmg needs a margin. Therefore,
the process is returned to step S1, and lower-limit voltage
margin Vmg is set at an initial value.

On the other hand, if the engine is being operated in step
S2, the process is advanced to step S3. In step S3, it is
determined whether or not battery voltage VB is higher than
a predetermined value. The predetermined value is lower
limit voltage VBL+Vg, for example, and voltage Vg can be
set at 3V, for example. When battery voltage VB has already
dropped to the vicinity of lower limit voltage VBL, battery
voltage VB may reach lower limit voltage VBL shortly after
loosening restriction on the battery output. Therefore, it is not
appropriate to decrease lower-limit voltage margin Vmg.

When VB>VBL+Vg does not hold in step S3, the process
is returned to step S2, and when VB>VBL+Vg holds in step
S3, the process is advanced to step S4.

In step S4, it is determined whether or not the magnitude of
AVB/At is less than or equal to a threshold value. This is
because if the degree of reduction in battery voltage VB is
slow, lower-limit voltage margin Vmg may be made small,
but if the degree of reduction in battery voltage VB is abrupt,
battery voltage VB may reach lower limit voltage VBL
because of a time delay until the battery output is restricted or
a response delay of the battery when lower-limit voltage
margin Vmg is made small.

If the magnitude of AVB/At is not less than or equal to the
threshold value in step S4, the process is returned to step S2,
and when the magnitude of AVB/At s less than or equal to the
threshold value in step S4, the process is advanced to step S5.
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In step S5, lower-limit voltage margin Vg is set with
reference to the lower-limit voltage margin setting map. The
equation Vmg=f (VB, AVB/At) indicates that lower-limit
voltage margin Vmg is determined by battery voltage VB and
AVB/At in the map.

Then, lower limit voltage VB_lim used for control is output
from battery management lower-limit voltage setting unit 252
of FIG. 3 to discharge allowable power operation unit 254.
When the processing in step S5 is terminated, the processing
in and subsequent to step S2 is executed again.

FIG. 6 is a diagram showing an exemplary lower-limit
voltage margin setting map used in step S5 of FIG. 4.

FIG. 7 is a diagram showing an exemplary lower-limit
voltage margin setting map used in step S5 of FIG. 4 by a
different representation from FIG. 6.

As shown in FIGS. 6 and 7, when battery voltage VB and
magnitude AVB/At of change in battery voltage are input to
the lower-limit voltage margin setting map, corresponding
lower-limit voltage margin Vmg is determined. As shown in
FIG. 7, lower-limit voltage margin Vmg increases as the
magnitude AVB/At of change in battery voltage increases.
This is because a wide margin is required at the time of an
abrupt change in order to keep lower limit voltage VBL. On
the other hand, lower-limit voltage margin Vmg increases as
battery voltage VB decreases. This is because, when battery
voltage VB is lower, it is closer to lower limit voltage VBL,
and in order to reliably keep lower limit voltage VBL, it is
desirable that lower-limit voltage margin Vmg be wider.

As described above, discharge allowable power operation
unit 254 of FIG. 3 determines whether or not to restrict the
battery output based on voltage VB_lim set by battery man-
agement lower-limit voltage setting unit 252 of FIG. 3 based
on the flowchart of FIG. 4.

FIG. 8 is a flowchart for illustrating control executed by
discharge allowable power operation unit 254 of FIG. 3.
Processing of this flowchart is invoked from the predeter-
mined main routine and executed after each lapse of a certain
time period or a predetermined condition is met.

Referring to FIG. 8, when the processing is first started,
discharge allowable power operation unit 254 acquires bat-
tery voltage VB in step S11. In step S12, it is determined
whether or not battery voltage VB is lower than a threshold
value. The threshold value here is set at a value obtained by
adding lower-limit voltage margin Vmg determined by the
flowchart of FIG. 4 to battery lower-limit voltage VBL to be
kept.

In step S12, when VB<VBL+Vmg does not hold, the pro-
cess is advanced to step S13, and discharge power upper limit
Wout is set at a normal value. This normal value is a battery
output upper limit determined based on SOC, battery tem-
perature, and the like.

On the other hand, in step S12, when VB<VBL+Vmg
holds, the process is advanced to S14, and discharge power
upper limit Wout is restricted to a value lower than the normal
value. By restricting discharge power upper limit Wout to a
value lower than the normal value, battery voltage VB can be
avoided from falling below lower limit voltage VBL.

When discharge power upper limit Wout is determined in
step S13 or step S14, the process is advanced to step S15, and
control is shifted to the main routine.

FIG. 9 is a diagram showing exemplary changes in battery
voltage and battery power when control is performed by the
control method of the present embodiment.

Referring to FIG. 9, lower-limit voltage margin Vmg is set
at VmgO as an initial value. For example, initial value Vg0
is 10V.



US 9,145,131 B2

13

As shown at time t10, when battery power PB (kW)
increases, battery voltage VB starts dropping due to the volt-
age drop caused by the internal resistance of the battery or
reduction in SOC. As shown at time t11, degree AVB/At of
change in voltage VB is monitored in the meantime.

If lower-limit voltage margin Vmg remains at initial value
Vmg0, discharge power upper limit Wout is restricted at time
t12 when battery voltage VB reaches VBL+Vmg0. In this
case, battery power PB is restricted as indicated by a line
WI1A, and battery voltage VB stops dropping around VBL+
Vmg0 as indicated by a line W2A.

On the other hand, when lower-limit voltage margin Vmg
is changed from initial value Vmg0 with reference to the map,
the battery output is not restricted since battery voltage VB is
still higher than VBL+Vmg at time t12, and battery power PB
transitions as indicated by a line W1. Then, battery voltage
VB further drops within a range where it does not fall below
battery lower-limit voltage VBL as indicated by a line W2.

Therefore, electric power is output from the battery as
requested by the user as long as the change in battery voltage
VB is not abrupt even after time t12 and the voltage is higher
than guard voltage VBL+Vg. The vehicle can thereby be
operated in accordance with the user’s request.

[Variation]

It is noted that although vehicle 1 having drive wheel 80 as
a front wheel has been shown by way of example in FIG. 1,
the vehicle is not particularly limited to such a drive system.
For example, vehicle 1 may have a rear wheel as a drive
wheel. Alternatively, vehicle 1 may be a vehicle not including
motor generator MG2 in FIG. 1. Alternatively, vehicle 1 may
be a vehicle in which motor generator MG2 in FIG. 1 is
coupled to a drive shaft for driving a rear wheel instead of
drive shaft 16 of a front wheel. In addition, a speed change
mechanism may be provided between drive shaft 16 and
reduction gear 58 or between drive shaft 16 and motor gen-
erator MG2.

FIG. 10 is a diagram showing an exemplary structure of a
vehicle of a variation. Referring to FIG. 10, as compared with
the structure of vehicle 1 of FIG. 1, a vehicle 1A as a variation
differs in that motor generator MG2 is not provided, the
rotation shaft of motor generator MG1 is directly coupled to
the output shaft of engine 10, a power transmission device 42
having a clutch 22 is provided instead of power split device
40, and a clutch 18 is further provided between engine 10 and
motor generator MG1. Clutch 22 changes motor generator
MGT1 and drive wheel 80 between a power transmission state
and a power cut-off state. Power transmission device 42 is a
speed change mechanism, for example.

In the vehicle having such a structure, the case where the
battery output is restricted even when unnecessary is also
reduced by setting lower-limit voltage margin Vmg by similar
control to FIG. 4. The vehicle is thereby more likely to be
capable of running in accordance with a user’s request.

At last, the present embodiment will be summarized refer-
ring again to the drawings. Vehicle 1 or 1A shown in FIG. 1 or
10 includes engine 10, motor generator MG1 or MG for
starting engine 10, PCU 60 for operating motor generator
MGT1 or MG, battery 70 for supplying electric power to PCU
60, and control device 200 for controlling PCU 60 such that
the voltage of battery 70 does not fall below the lower limit.
When a change condition including a condition that engine 10
is being operated (step S2 in FI1G. 4) is met, control device 200
sets the lower limit at a value lower than while engine 10 is at
a stop.

Preferably, the change condition further includes a condi-
tion that a magnitude of voltage change of battery 70 is less
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than or equal to a first threshold value (step S4 in FIG. 4) in
addition to the condition that engine 10 is being operated.

More preferably, the change condition further includes a
condition that a voltage of battery 70 is higher than a second
threshold value (step S3 in FIG. 4) in addition to the condi-
tions that engine 10 is being operated and the magnitude of
voltage change of battery 70 is less than or equal to the first
threshold value.

Preferably, as shown in FIG. 1, vehicle 1 further includes
motor generator MG2 operated by PCU 60 and generating
promotion torque of the vehicle.

More preferably, when engine 10 is being operated, motor
generator MG1 receives motive power from engine 10 to
generate electric power according to necessity.

Further preferably, vehicle 1 further includes power split
device 40 connected to each of the respective rotation shafts
of motor generator MG1, motor generator MG2 and engine
10.

Preferably, motor generator MG shown in FIG. 10 gener-
ates promotion torque of the vehicle, and according to neces-
sity, generates torque for starting engine 10.

More preferably, vehicle 1A further includes clutch 18
provided between the rotation shaft of engine 10 and the
rotation shaft of motor generator MG, and power transmis-
sion device 42 provided between motor generator MG and the
drive shaft.

It is noted that although the present embodiment has illus-
trated the example of hybrid vehicle, the present invention is
not limited to a hybrid vehicle, but can also be applied to any
vehicle that has mounted thereon a motor for starting an
engine and the engine.

It should be understood that the embodiment disclosed
herein is illustrative and non-restrictive in every respect. The
scope of the present invention is defined by the scope of the
claims, rather than the description above, and is intended to
include any modifications within the scope and meaning
equivalent to the terms of the claims.

REFERENCE SIGNS LIST

1, 1A vehicle; 10 engine; 11 engine rotation speed sensor;
12, 13 resolver; 14 wheel speed sensor; 16 drive shaft; 18, 22
clutch; 40 power split device; 42 power transmission device;
50 sun gear; 52 pinion gear; 54 carrier; 56 ring gear; 58
reduction gear; 70 battery; 80 drive wheel; 102 cylinder; 104
fuel injector; 110 converter; 120 smoothing capacitor; 131,
132 motor drive unit; 131, 132 inverter; 140 inverter control
unit; 150 start switch; 151 braking device; 152 brake actuator;
154 disc brake; 156 battery temperature sensor; 158 current
sensor; 160 voltage sensor; 166 brake pedal; 168 brake pedal
pressing force sensor; 170 accelerator pedal; 172 pedal stroke
sensor; 200 control device; 250 control unit; 252 battery
management lower-limit voltage setting unit; 254 discharge
allowable power operation unit; MG1, MG2 motor generator.

The invention claimed is:

1. A vehicle comprising:

an internal combustion engine;

a first rotating electric machine starting said internal com-
bustion engine;

apower control unit for operating said first rotating electric
machine;

apower storage device for supplying electric power to said
power control unit; and

a control device controlling said power control unit such
that a voltage of said power storage device does not fall
below a lower limit,
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when a change condition including a condition that said
internal combustion engine is being operated is met, said
control device setting said lower limit at a value lower
than while said internal combustion engine is at a stop.

2. The vehicle according to claim 1, wherein said change
condition further includes a condition that a magnitude of
voltage change of said power storage device is less than or
equal to a first threshold value in addition to the condition that
said internal combustion engine is being operated.

3. The vehicle according to claim 2, wherein said change
condition further includes a condition that the voltage of said
power storage device is higher than a second threshold value
in addition to the conditions that said internal combustion
engine is being operated and the magnitude of voltage change
of said power storage device is less than or equal to said first
threshold value.

4. The vehicle according to claim 1, further comprising a
second rotating electric machine operated by said power con-
trol unit and generating promotion torque of the vehicle.

5. The vehicle according to claim 4, wherein when said
internal combustion engine is being operated, said first rotat-
ing electric machine receives motive power from said internal
combustion engine to generate electric power according to
necessity.

6. The vehicle according to claim 5, further comprising a
power split device connected to each of rotation shafts of said
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first rotating electric machine, said second rotating electric
machine and said internal combustion engine.

7. The vehicle according to claim 1, wherein said first
rotating electric machine generates promotion torque of the
vehicle and according to necessity, generates torque for start-
ing said internal combustion engine.

8. The vehicle according to claim 7, further comprising:

a clutch provided between a rotation shaft of said internal
combustion engine and a rotation shaft of said first rotat-
ing electric machine; and

a speed change mechanism provided between said first
rotating electric machine and a drive shaft.

9. A method for controlling a vehicle including an internal
combustion engine, a first rotating electric machine starting
said internal combustion engine, a power control unit for
operating said first rotating electric machine, and a power
storage device for supplying electric power to said power
control unit, comprising the steps of:

setting a lower limit at an initial value;

when a change condition including a condition that said
internal combustion engine is being operated is met,
setting said lower limit at a value lower than while said
internal combustion engine is at a stop; and

controlling said power control unit such that a voltage of
said power storage device does not fall below the lower
limit.



